ABSTRACT The donor: recipient ratio and the time of donor exposure to termiticide required for maximal toxicant transfer among termites are crucial information for the development of termite management plans. Most of the available information on termiticide toxicity came from temperate zonal termite species, whereas little is known about tropical Asian species. In this study, mortality patterns of recipient termites, Coptotermes gestroi (Wasmann) subjected to seven formulated insecticide exposures under different donor exposure times and donor: recipient ratios were examined. For Þpronil, lethal transfer was not affected by donor exposure time but was affected by the mixing ratio. The moderate-to-less toxic termiticides (imidacloprid, indoxacarb, bifenthrin, chlorfenapyr, and chlorantraniliprole) required long exposure time and a high mixing ratio to ensure maximal uptake by recipient workers compared with Þpronil. For chlorantraniliprole and chlorfenapyr, donors must constitute Ͼ30% of the donorÐrecipient mixture to achieve 100% mortality of the recipient workers. Among the termiticides tested, cyantraniliprole was the most fast-killing insecticide against C. gestroi. The potential of lethal transfer among recipient termites does not necessarily require both high donor exposure time and a high mixing ratio, but the toxicity of a given termiticide against termites must be factored in to achieve colony elimination.
Conventional termite control involves creating a chemical barrier in the soil to kill or repel termites from building structures. This method has dominated the termite control industry for the past 90 yr Scheffrahn 1998, Peterson 2010) . The conventional method, however, can provide limited protection, if poor treatment regimens result in gaps that allow termites free access into the building structure. More recently, nonrepellent termiticides have been gaining popularity. In soil treated with these termiticides, the chemicals are undetectable by termites, thus providing constant exposure as long as the termites remain in the treated areas. This method allows termites to acquire a lethal dose of toxicant and transfer it to healthy termites within the colony, thereby leading to colony decline or elimination (Parman and Vargo 2010 , Hu 2011 , Vargo and Parman 2012 . These lethal effects largely depend on mutual grooming between recipient and insecticide-exposed termites. However, if the recipients die or become impaired too fast, the transfer of toxicant from one termite to another would be reduced.
Pest control personnel have long wondered about the optimal donor exposure time to toxicant and the donor: recipient mixing ratios that would ensure maximal successive toxicant transfer. To date, several published studies document termiticide toxicity against termites (Tsunoda 2006 , Haagsma and Rust 2007 , Sheikh et al. 2008 , Mulrooney and Gerard 2009 ). However, currently available data likely are not universally applicable. For example, most existing data are from temperate zonal termite species that, to a certain extent, differ physiologically and biologically from tropical species such as Coptotermes gestroi (Wasmann). This premise is supported by the fact that the susceptibility of C. gestroi to termiticides differs from that of temperate termites (Neoh et al. 2012a ). For example, chlorantraniliprole applied topically was found to be more toxic to Reticulitermes flavipes (Kollar) workers than indoxacarb (Spomer et al. 2009 ), but this was not the case for C. gestroi (Neoh et al. 2012a ). In addition, the amount of Þpronil needed to kill 50% of Coptotermes formosanus Shiraki was threefold higher than that required to kill 50% of C. gestroi (Ibrahim et al. 2003) . This difference might be because of size variation and the capability of certain termite species to detoxify the toxicants (Neoh et al. 2012a C. gestroi was selected for this study because of its notoriety for infesting building structures in tropical regions (Kirton and Azmi 2005, Lee et al. 2007 ). In addition, anthropogenic activities have resulted in the introduction of C. gestroi to locales beyond its native range of the IndoÐMalayan region. For example, it is now found in Polynesia, Madagascar, Mauritius, the Caribbean Islands, South America, Taiwan (Scheffrahn et al. 1994 , Su et al. 1997 , Tsai and Chen 2003 , Scheffrahn and Su 2005 , and even Sicily, Italy (Ghesini et al. 2011 ). This species requires special attention for several reasons. First, C. gestroi reportedly is highly adaptable to a wide range of weather conditions during swarming events, and it can disperse throughout the year (Neoh and Lee 2009 ). Second, the reproductive strategy of C. gestroi is highly ßexible, as neotenics may develop a new colony if a pest management program fails to eliminate the entire colony (Costa-Leonardo and Arab 2004) . The interplay of these two factors makes C. gestroi a difÞcult target for pest management programs.
To date, few studies have been designed primarily to examine the effects of termiticides on C. gestroi Lee 2007, Neoh et al. 2012a ). Thus, information about this Asian subterranean species is needed for development of better management programs. The objectives of this study were twofold: 1) to examine the time effect of toxicant exposure to donor termites and the effect of the termite mixing ratio on horizontal transfer of termiticides, and 2) to evaluate the mortality patterns of toxicant recipient termites after exposure to seven formulated termiticides of different toxicities.
Materials and Methods
Termites. C. gestroi was obtained from Universiti Sains Malaysia, Minden Campus, Penang, Malaysia (5Њ 21Ј N, 100Њ 18Ј E). Termites were collected from different in-ground monitoring stations located adjacent to buildings that are actively infected by termites. The in-ground monitoring stations consisted of a plastic container measuring 30 by 24 by 10.5 cm, baited with rubber wood (Hevea brasiliensis Mü ller Argoviensis). Collected termites were brought back to the laboratory and separated from soil debris. Each termiticide was tested against individuals from two different colonies.
Insecticides. Experimental Design. Workers (recipients) were dyed with Nile blue A (Aldrich, Milwaukee, WI) for 2 d using a fast-marking method; conversely, the donors were not dyed. The recipients were exposed in the open under laboratory conditions (26.4 Ϯ 0.2ЊC and 63.2 Ϯ 0.63% relative humidity) until they lost Ϸ20% of their body weight. They were then transferred into a plastic container (15.5 by 10 by 6.5 cm) provisioned with Nile blue A-dyed Þlter papers (0.05% wt:wt).
For each of the seven insecticide sat a selected concentration (Table 1) , workers (donors) were allowed to forage freely in a petri dish (15 cm in diameter) containing 100 g of termiticide-treated sand at three different exposure times (5, 10, and 30 min). The termites were then transferred to a clean petri dish to dislodge any soil debris from their body and then were mixed with recipients at Þve different donor:recipient ratios: 1:10 (10% donor), 1:5 (20%), 3:10 (30%), 2:5 (40%), and 1:2 (50%) by standardizing the number of recipients at 20 workers per replicate (i.e., seven insecticides ϫ three exposure times ϫ Þve mixing ratios). Each combination was replicated Þve times. For control, 20 workers per replicate (Þve replicates for each colony) were allowed to forage on nontermiticide-treated sand for 5 min. The experimental setup was maintained in the dark and moist Þlter papers were provided as a food source during the experiment. The number of surviving recipients was recorded every 12 h until all the recipient termites died. Dead termites were retained in the arena throughout the experiment.
Statistical Analysis. The data from the two colonies were pooled. Mean survival time of recipients was generated using KaplanÐMeier analysis. Percentage mortality was subjected to arcsine square-root transformation before statistical analysis. Two-way between-groups analysis of variance (ANOVA) was used to determine the effects of time of donor exposure to treated sand, donor: recipient ratios, and their interaction effects on recipient mortality. All analyses were performed using SPSS, version 11.0 (SPSS Inc., Chicago, IL), with statistical signiÞcance set at ␣ ϭ 0.05.
Results
Mean survival time of recipient workers in a control replicate ranged from 597 to 714 h, which was significantly higher than those in the mixed donor:recipient treatments, as indicated by the overlapping conÞ-dence limits (Table 1) .
Fipronil. Exposure of recipient workers to Þpronil-treated donor workers resulted in average survival times ranging from 32 to 239 h (Table 1) . Relative to other combinations tested, survival time of recipient workers was signiÞcantly lower in the 10-min exposure and 40 and 50% mixing ratio treatments and for all mixing ratios at 30-min exposure (except 10%). Generally, the survival rate of recipient workers declined to 50% of the total test insects by 6 Ð10 d. However, Ϸ1Ð2.5 d were required to kill 50% of the total test insects in the 10-min exposure group and 40 and 50% mixing ratio treatments and for all mixing ratios at 30 min of exposure (except 10%; Fig. 1a ). The mixing ratio signiÞcantly affected the mortality of recipient workers (F ϭ 13326.866; df ϭ 2, 27; P Ͻ 0.001; Table 2 ).
Imidacloprid. Exposure of recipient workers to imidacloprid-treated donor workers resulted in average survival times of 20 Ð 610 h (Table 1) . Relative to other combinations tested, the survival times of the recipient workers were greatly reduced in the 10-min exposure and 50% mixing ratio treatment, and in the 30-min exposure and all mixing ratios (except 10%). For the 30 -in exposure, only 1Ð3 d were required to kill Ͼ50% of recipient workers as the mixing ratio increased (e.g., from 30 to 50% donor; Fig. 1b ). Exposure time (F ϭ 59.103; df ϭ 2, 27; P Ͻ 0.001), mixing ratio (F ϭ 14.365; df ϭ 2, 27; P Ͻ 0.001), and their interaction (F ϭ 3.215; df ϭ 2, 27; P Ͻ 0.001) signiÞ-cantly affected the mortality of recipient workers.
Indoxacarb. Survival time of recipient termites ranged from 62 to 289 h after exposure to indoxacarbtreated donor workers (Table 1) . Relative to the combination tested, the mean survival time of recipient workers decreased signiÞcantly after being mixed with donor termites exposed to indoxacarb for 50% mixing ratio and 30-min exposure; in this treatment, 50% of the total test insects died from day 2 to 3 ( Fig. 1c) . Exposure time signiÞcantly inßuenced the mortality of recipient workers (F ϭ 13.914; df ϭ 2, 27; P Ͻ 0.001; Table 2 ). Although mixing ratio was found to have no effect on the mortality (F ϭ 2.126; df ϭ 2, 27; P Ͼ 0.001), the interaction between the effects signiÞ-cantly affected the survival probability of recipient workers (F ϭ 2.361; df ϭ 2, 27; P Ͻ 0.001).
Chlorfenapyr. Among the tested termiticides, transfer of chlorfenapyr from donor to recipient termites was least effective. The mean survival time of the recipient workers remained high (mean survival time ranged from 276 to 598 h) for all tested combinations ( Table 1 ). Statistical analysis revealed that exposure time and mixing ratio were the main effects affecting the mortality of recipient workers (exposure time: F ϭ 6.296, df ϭ 2, 27, P Ͻ 0.001; mixing ratio: F ϭ 6.387, df ϭ 2, 27, P Ͻ 0.001; Table 2 ). At least 17 d of exposure were needed to kill 50% of recipient workers, with the exception of the 30-min exposure and 50% mixing ratio treatment, which required 13 d (Fig. 1d) . Chlorantraniliprole. Unlike the second generation of anthranilic amide insecticides (cyantraniliprole), recipient workers exposed to chlorantraniliproletreated donors had remarkably longer mean survival times (183Ð 483 h; Table 1 ). The life spans of recipient workers exposed to chlorantraniliprole-treated donors for 30 min at the 30% (mean survival time, 218 h), 40% (253 h), and 50% (226 h) mixing ratios were signiÞcantly shorter than those for the other treatment combinations. Fifty percent mortality of recipient worker was recorded by day 13 (Fig. 1e) . As exposure time (F ϭ 21.988; df ϭ 2, 27; P Ͻ 0.001) and mixing ratio (F ϭ 12.028; df ϭ 2, 27; P Ͻ 0.001) increased, signiÞcant mortalities in recipient workers were observed (Table 2) .
Cyantraniliprole. Exposure of recipient workers to cyantraniliprole-treated donor workers resulted in average survival times of 12Ð189 h (Table 1 ). Among the termiticides tested, the mean survival time of recipient workers exposed to cyantraniliprole was shortest. This was true for all treatment combinations (except for the 10% mixing ratio at 10-and 20-min exposures; Table 1 ), in which most recipient workers were dead by 12Ð24 h (Fig. 1f) . Mixing ratio signiÞcantly inßu-enced the mortality of recipient workers (F ϭ 6.625; df ϭ 2, 27; P Ͻ 0.001; Table 2 ). However, exposure time (F ϭ 2.291; df ϭ 2, 27; P Ͼ 0.05) and the interaction between mixing ratio and exposure time (F ϭ 1.790; df ϭ 2, 27; P Ͼ 0.05) did not have a signiÞcant effect on mortality.
Bifenthrin. Survival time of recipient termites exposed to bifenthrin-treated donor workers ranged from 43 to 576 h (Table 1) . Compared with other combinations tested, survival probabilities of recipient termites decreased signiÞcantly when they were subjected to 40% mixing ratio and 10-min exposure, and the 30-min exposure for all mixing ratios (Table 1) , and Ͼ50% mortality of recipient workers was recorded at 12 h postmixing (Fig. 1g) . Result from two-way ANOVA demonstrated that exposure time (F ϭ 46.307; df ϭ 2, 27; P Ͻ 0.001) and mixing ratio (F ϭ 5.726; df ϭ 2, 27; P Ͻ 0.001) signiÞcantly affected the mortality of recipient workers (Table 2) .
Discussion
A successful termiticide treatment to soil requires that a large proportion of the target population (i.e., donors and recipients) picks up a lethal dose and dies after a sufÞcient period to allow for horizontal transfer of the toxicant. This process ensures that healthy workers receive a lethal dose and can lead to elimination of the entire colony. It is generally accepted that recipient mortality increases in parallel with the time of donor exposure to insecticide (Buczkowski et al. 2012 ) and the donor:recipient ratio (Ibrahim et al. 2003) . However, this premise is not true for all cases, and the toxicity of an insecticide toward a particular pest must be taken into account. Comparatively, the degree of toxicity of chlorantraniliprole toward C. gestroi was fourfold lower than those of C. formosanus and R. flavipes; but the toxicities of bifenthrin, chlo- rfenapyr, Þpronil, and indoxacarb toward the insects (except for C. formosanus) were reportedly comparable (Mao et al. 2011 , Neoh et al. 2012a ). Nevertheless, it is worth noting that the current topical toxicity data for C. gestroi are based on measurements taken 24 h postexposure, the amount of termiticide required for an insect to cause 50% mortality of C. gestroi is expected to decrease proportionally as exposure time increases (Neoh et al. 2012a) . Thus, the time of donor exposure to insecticide and the donor:recipient ratio to achieve maximal toxicant transfer in C. gestroi might differ from those of other well-studied termite species. Fipronil. Fipronil is claimed to exhibit delayed toxic effects. In the current study, this premise holds true for recipient termites in the 5-and 10-min exposure treatments with mixing ratios Ͻ30%. Conversely, the mean survival time decreased to Ͻ72 h when the recipient workers were subjected to Ͼ40% mixing ratios at 10-min exposure and Ͼ20% mixing ratios at 30-min exposure to donors. However, statistically, the current study revealed that lethal transfer was not affected by donor exposure time but was affected by mixing ratio. Using a lower concentration of Þpronil (1 mg kg Ϫ1 ), Shelton and Grace (2003) found that exposure to Þpronil for several selected time intervals up to 24 h did not have a signiÞcant effect on mortality among the recipient workers of C. formosanus, although the amount of toxicant uptake was signiÞcantly related to the amount of time donor workers were exposed to the toxicant. Saran and Rust (2007) reported that recipient C. formosanus exposed to donor workers treated with 5 mg kg Ϫ1 Þpronil for 24 h exhibited 100% mortality by Day 7. In a previous study, a topical bioassay revealed that a mere 0.9 ng of Þpronil was sufÞcient to cause 50% mortality by 24 h, and it is assumed that the amount of toxicant required to cause 50% mortality of C. gestroi is proportionally less over a longer period of time (Neoh et al. 2012a ). This also explains why the at least 10% mixing ratio was lethal to C. gestroi recipient workers within 10 d irrespective of donor exposure time. Gautam et al. (2012) used 0.5% Þpronil dust (trade name: Termidor Dry, a Microllose-based formulation with 0.5% Þpronil; BASF Corp., St. Louis, MO) to manage C. formosanus infestations. They showed that a single donor exposed to the dust could readily transfer a lethal dose to at least nine recipients.
Imidacloprid. Recovery of insects after imidacloprid treatment was reported for the tropical bed bug (Cimex hemipterus F.; How and Lee 2011), German cockroach (Blattella germanica L.; Kaakeh et al. 1997) , and house ßy (Musca domestica L.; Quintela and McCoy 1997) . Similarly, recipient termites exposed to imidacloprid-treated donors were observed to recover from the poisoning symptoms in this study. Knockdown was temporary if the termites were exposed to a sublethal dose when exposure time was short or when the mixing ratio was low. This occurs because the termites can detoxify the parent toxic compound (imidacloprid) into less toxic secondary metabolites (Tomalski et al. 2010 ). This matter should be given adequate attention, as behavioral aversion to a subsequent exposure was shown in Reticulitermes virginicus Banks when the workers were sublethally intoxicated (Thorne and Breisch 2001) . This might indirectly impact the success of pest management programs. Our results show that the mean survival probability declined signiÞcantly within 7 d after the recipient termites were conÞned with donors treated with imidacloprid for at least 30 min at donor:recipient ratios Ͼ20%. Shelton and Grace (2003) noted in their study that donor termites exposed to a minimum of 100 mg kg Ϫ1 imidacloprid needed to constitute 5% of the total to achieve Ϸ60% mortality of C. formosanus recipient workers. They also reported that when donor workers exposed to 1 mg kg Ϫ1 imidacloprid for up to 24 h made up 5% of the mix, they were unable to deliver a lethal dose to the recipients (Shelton and Grace 2003) . Conversely, a study of Reticulitermes hesperus (Banks) demonstrated that 7.5Ð16.5% of the imidacloprid was transferred within 2 h, irrespective of the concentration tested (Haagsma and Rust 2007) . These examples illustrate the variability in susceptibility of different termite species to imidacloprid.
Indoxacarb. Generally, conÞnement with donor termites treated with 100 mg kg Ϫ1 indoxacarb for at least 10 min signiÞcantly decreased the survival time of C. gestroi to 7 d or less irrespective of the mixing ratio (except for 10% and 10-min exposure time). Moreover, exposure time of the donors and the interaction between exposure time and mixing ratio contributed signiÞcantly to recipientsÕ survival rate. In another study of the effects of 100 ng indoxacarb, the mortality of recipient C. formosanus workers was sig- niÞcantly affected by mixing ratio, in that, at least 20% of the termite mix needed to be donors to cause 94% mortality of recipient workers by day 24 (Hu et al. 2005) . Mortality onset of R. flavipes occurred faster as the exposure time increased (Quarcoo et al. 2010) . Chlorfenapyr. Overall, chlorfenapyr did not transfer well among recipient workers in the current study. In another study by Rust and Saran (2006) , for R. hesperus, the uptake of chlorfenapyr by donor termites increased with time of donor exposure, and the transfer efÞciency to recipients ranged from 13.3 to 38.4%; however, the amount transferred to recipients was not enough to have a secondary killing effect. Data from topical bioassays suggested that chlorfenapyr is less toxic to termites compared with other test termiticides and that high doses are required to achieve 50% mortality in most termite species tested (Rust and Saran 2006 , Pan et al. 2011 , Neoh et al. 2012a . Although adequate horizontal transmission of chlorfenapyr was demonstrated among R. flavipes workers, the dose of chlorfenapyr needed for donor exposure was relatively high (Ͼ250 mg kg
Ϫ1
; Shelton et al. 2006) . This might explain the inefÞcient transfer among the healthy C. gestroi in the current study, as the dose used was only 30 mg kg Ϫ1 chlorfenapyr. Chlorantraniliprole. Chlorantraniliprole acts on insect ryanodine receptors, causing impairment of normal muscle contraction, paralysis, and death (Lahm et al. 2009 ). This impairment results in feeding cessation followed by starvation Lee 2007, Neoh et al. 2012a ) and leads to subsequent intensive social interaction from healthy termites (Neoh et al. 2014) . Thus, chlorantraniliprole is a promising candidate for use in termite management programs. In R. flavipes, the efÞciency of horizontal transfer of chlorantraniliprole depends on the concentration used and the time of donor exposure to the toxicant (Buczkowski et al. 2012) . Chlorantraniliprole is comparatively less toxic against C. gestroi compared with other test termiticides, which means that longer donor exposure time and a higher mixing ratio are required to ensure maximal uptake by donors followed by lethal transfer among recipients. In this study, we found that donors must be exposed to the termiticide for 30 min and constitute Ͼ30% of the mixture to signiÞcantly shorten the survival time of recipients to 10 d compared with other test combinations. In another study in which C. formosanus was exposed to 25 and 50 mg kg Ϫ1 chlorantraniliprole for 1 h, up to 80% mortality was recorded in recipients at day 5 postexposure when the donor:recipient mix was 50:50 (Gautam and Henderson 2011) . However, in nature, it is questionable whether the large number of effective donors needed can be achieved (at least 30% target population in C. gestroi case) as millions of termite individuals may populate a colony.
Cyantraniliprole. Cyantraniliprole is a second generation anthranilic diamide insecticide, and it shares a similar mode of action with chlorantraniliprole. It is a novel insecticide that is showing promise as a control agent against agricultural and horticultural pests (Fettig et al. 2011 , Hardke et al. 2011 , Jacobson and Kennedy 2011 , Li et al. 2011 ), but it is rarely used for termite management. In the current study, we found that cyantraniliprole is toxic to C. gestroi. On average it caused 50% mortality of C. gestroi recipient workers within 48 h (except for those conÞned with the lowest mixing ratio with donors exposed to toxicant for 5 and 10 min). Because of its relatively fast action, in a Þeld setting recipients may not have sufÞcient time to receive lethal transfer from donor workers before the onset of donor mortality.
Bifenthrin. Bifenthrin seemed to cause unexpectedly lethal transfer to healthy termites in the current study. In contrast, Shelton et al. (2005) observed a lack of transfer of permethrin among nestmates of R. flavipes in laboratory trials, as the repellent properties of pyrethroid on donor termites inhibited social interactions from healthy termites. The mortality of recipient workers in the current study might be associated with secondary contamination caused by the accumulation of donor carcasses and their associated fungus growth, carcass handling by healthy termites, or a crowding effect, as found for Reticulitermes (Neoh et al. 2012b , Shelton 2012 ).
In conclusion, results of this study emphasize that the potential for lethal transfer of toxicant among recipient termites depends on donor exposure time and mixing ratio as well as the toxicity of a given termiticide toward a particular termite species. For example, unlike Þpronil, both donor exposure time and mixing ratio signiÞcantly affected the uptake of imidacloprid, indoxacarb, chlorfenapyr, and chlorantraniliprole by recipient workers. The current study gives a better understanding of how the mortality pattern of C. gestroi varies with different termiticides. Overall, Þpronil and indoxacarb showed satisfactory lethal transfer among nestmates, as mortality occurred in 7Ð10 d. For bifenthrin, lethal insecticide transfer can occur via contaminated corpse handling and crowding effect. However, those insecticides could cause premature mortality as donor exposure time to insecticide as well as mixing ratio increased. As highlighted by Quarcoo et al. (2010) , the length of time until the onset of termite mortality after exposure is crucial to ensure that inoculated termites have sufÞcient time to transfer the lethal amount of toxicant among healthy termites. Ideally, intoxicated termites can walk back to their own nest before the toxic effects (i.e., abnormal behavior and reduced walking speed) are fully expressed, because at that time, the transfer of toxicant among healthy termites ceases. Similarly, it is doubtful that cyantraniliprole would give colony impact to treated termite colony due to its rapid mortality onset. Imidacloprid caused inconsistent mortality as exposure time and mixing ratio increased partly due to the capability of the test insects to detoxify the toxicant as well as behavioral aversion to the intoxicated nestmates. For chlorantraniliprole and chlorfenapyr, a signiÞcantly higher proportion of donor was required to achieve the expected outcome. However, this outcome is unlikely achievable in nature, as a termite colony can be populated by millions of members. We propose that additional insecticide evaluations should be conducted using C. gestroi instead of using currently available data for temperate species. C. gestroi shows considerable variation in susceptibility toward different termiticides when compared with the published data for temperate species.
